Immunocompromised patients have shown an increasing incidence of infection with the opportunistic pathogen Aspergillus fumigatus for the past decade as a result of the growing number of patients at risk, including patients who have undergone allogeneic stem cell transplantation and organ transplantation [1] . Once the immune system is unable to prevent the invasion and spread of pathogens, fungi can disseminate to different organs, thereby causing life-threatening infections [2] .
Recently, several families of immune receptors involved in the recognition of fungi have been discovered. These receptors include the Toll-like receptors (TLRs), C-type lectins, and pentraxines. TLR-2 is a known receptor for peptidoglycan, a major component of the cell wall of gram-positive bacteria, whereas TLR-4 is activated by lipopolysaccharide (LPS) derived from gramnegative bacteria [3] . Both, TLR-2 and TLR-4 trigger a MyD88-dependent pathway that leads to the production of proinflammatory cytokines (i.e., tumor necrosis factor [TNF]-␣ and interleukin [IL]-12). In addition, several studies have shown an interaction between TLR-2, TLR-4 and A. fumigatus [4, 5] . It has been demonstrated that TLR2-defective and TLR4-defective mice had a reduced cytokine response to A. fumigatus conidia and hyphae [6] . A. fumigatus-induced secretion of TNF-␣ in human peripheral blood mononuclear cells (PBMCs) could be blocked by anti-TLR-2 antibody, but not by anti-TLR-4 antibody [7] . In addition, members of the pentraxin (PTX) family participate in antifungal defense. PTX-3 is the prototypic molecule of the long pentraxin family, which functions as an opsonin [8, 9] .
The C-type lectin family shares a common caspase recruitment domain (CARD) and can be divided into 2 major groups: secreted proteins and transmembrane receptors [10] . Mannose receptor, dendritic cell-specific intercellular adhesion molecule 3 (ICAM3)-grabbing nonintegrin (DC-SIGN), and Dectin-1 are mediators of non-TLR signaling pathways [11, 12] . DC-SIGN has been identified to be important to immature dendritic cells (iDCs) for the detection and internalization of A. fumigatus conidia and Candida albicans yeast [13] [14] [15] .
Dectin-1, a ␤-glucan receptor, is expressed on all monocytes, macrophages, DCs, neutrophils, and eosinophils [16] . Brown et al. [17] demonstrated that zymosan (a boiled yeast preparation that contains ␤-1,3 glucan) triggers the expression of proinflammatory cytokines via Dectin-1 signaling. A crosstalk between TLR-2, TLR-6 and Dectin-1 has been reported for the induction of TNF-␣ and IL-12 [18] . In mice, macrophages use Dectin-1 as a receptor for A. fumigatus conidia and/or germ tubes and C. albicans yeast [19 -21] .
A recent study identified a novel non-TLR signaling pathway for the induction of TNF-␣ mediated by CARD-9 as an adaptor molecule for activation of NF-B [22] . In the present study, microarray analysis was performed to obtain a broader understanding of the DC-A. fumigatus interaction, and 2 approaches were applied to iDCs to identify fungal receptors: (1) short interfering RNA (siRNA) transfection of iDCs was used to knock down expression of immune receptor genes and (2) monoclonal antibodies were used to block signal transduction downstream of TLR2, TLR4, and dectin-1.
MATERIALS AND METHODS

Fungal strains.
A. fumigatus (ATCC 9197) was cultivated on beer mash plates at 37°C. After 2-3 days, endotoxin-free water was added and conidia were detached and singularized using a sterile cotton bud and a cell strainer with a 40-m pore nylon membrane (Becton Dickinson). Swelling and synchronization of conidia was achieved by cultivating conidia in RPMI 1640 medium (ϩ5% fetal calf serum [FCS]) at room temperature over night. Germination was induced by culturing for an additional 4 h at 37°C. Germinated spores were stored at Ϫ20°C until use in infection experiments. Analysis of morphology by microscopy revealed that the vast majority of fungi consisted of small germinating conidia (approximate size, 3-8m). During 6 h of cocultivation with iDCs, the morphotype of germinated spores did not change notably, as analyzed by real-time microscopy [23] .
Preparation and culture of human cells. PBMCs were separated from a 50-mL buffy coat blood sample from healthy donors by ficoll-hypaque density gradient centrifugation (Biochrom AG). Monocytes were isolated by magnetic activated cell sorting using paramagnetic microbeads conjugated to anti-human CD14 monoclonal antibodies (Miltenyi). Differentiation into iDCs was achieved by cultivating cells in RPMI 1640 medium (Invitrogen) supplemented with 100 mg/mL gentamicin (Refobacin; Merck), 10% FCS (Sigma-Aldrich), 100 ng/mL recombinant granulocyte-macrophage colony-stimulating factor ([GM-CSF] Novartis), and 20 ng/mL interleukin-4 (R&D Systems).
Flow cytometry analysis. The purity of iDC cultures was analyzed after 6 days by flow cytometry. More than 95% of the DC population was positive for CD1a (DakoCytomation), CD40 (Immunotech), CD80, CD86, and HLA-DR, and was negative for CD14 (Becton Dickinson).
Microarray analyses. iDCs were cultivated without fungi or with A. fumigatus germ tubes (MOI ϭ 1). After 6 h, total RNA was isolated and stored at Ϫ80°C until required for doublestrand complementary DNA (cDNA) synthesis (One-Cycle Labeling Kit; Affymetrix). Based on cDNA, complementary RNA (cRNA) was prepared, labeled with biotin by in vitro transcription, and fragmented. A total of 15 g cRNA were incubated for 16 h at 45°C with an HG-U133 Plus 2.0 human genome array (Affymetrix). Gene chips were stained with streptavidinphycoerythrin on a fluidics station. The arrays were scanned using a GeneChip Scanner 3000 (Affymetrix).
The evaluation of array data was performed with software packages from the Bioconductor project [http://www.bioconductor.org ; 24] . These software suites were run under R, a language and environment for statistical computing and graphics (http://www.r-project.org). After normalization of data by variance stabilizing normalization [25] , the comparability and quality of the data was tested by density plot, degradation plot, and correspondence analysis. To detect differentially expressed genes, the limma (Linear Models for Microarray Analysis) package was used [26] .
Blocking studies and cytokine assays. In blocking studies, 1 ϫ 10 6 human iDCs were preincubated for 30 min with antiDectin-1 IgG 2B (R&D), anti-TLR-2 IgG and/or anti-TLR-4 IgG antibodies (Imgenex/Biomol) at a concentration of 1g/mL, as recommended by the manufacturer. In all experiments, the appropriate isotype control (normal mouse IgG 2B or normal rabbit IgG; R&D) was used.
Six hours after stimulation of iDCs with 1g/mL LPS, 10g/mL zymosan (Invivogen) or fungi (MOI ϭ 1), IL-12B (IL-12p40) and TNF-␣ secretion was measured by commercially available ELISA according to manufacturer's recommendations (Biosource).
Transfection of iDCs with siRNA. All siRNAs targeting TLR2, TLR4, MyD88, DC-SIGN, PTX3, dectin-1 and CARD9 were purchased from Qiagen. Nonsilencing siRNA with random nucleotides was used in each experiment as a negative control (table 1) .
For transfection, 1 ϫ 10 6 iDCs were resuspended in 100L RPMI 1640 (without gentamicin, FCS, or cytokines) and transferred into a 4-mm electroporation cuvette (Biorad) either with no siRNA or with 133 nmol/L siRNA duplex. The electroporator (Fischer) used a rectangle pulse of 340 V for 10 ms. Cells were then incubated for 15 min at room temperature and transferred into 800L of RPMI 1640 with 10% FCS, containing GM-CSF and IL-4. Efficient transfection had been previously evaluated by titration using Cy3-labelled siRNA and Dectin-1 siRNA (50 -250 nmol/L). In addition, voltage (200 -400 V) and pulsing times (5-20 ms) were been optimized prior to the experiments (unpublished data).
Isolation of RNA and cDNA synthesis. Twenty-four hours after siRNA transfection and an additional 6 h of stimulation, total RNA was isolated by use of the RNeasy Mini kit and QiaShredder spin columns (Qiagen), in accordance with the manufacturer's protocol. Five hundred ng of RNA was used for cDNA synthesis with the QuantiTect reverse transcription kit (Qiagen).
Quantitative real-time reverse transcriptase polymerase chain reaction (PCR) assays. Amplification and quantification of cDNA was performed with a LightCycler [27] . PCR was run utilizing the Fast Start DNA Master Hybridization Probes kit (Roche Diagnostics) with 3 mmol/L magnesium chloride, 0.125mol/L of each primer, 0.15mol/L of each probe (Tibmolbiol) ,and 2L of cDNA as template. Primer and probe sequences are provided in table 1.
Results were normalized against the expression of the housekeeping gene 5-aminolevulinate synthase (LightCycler h-ALAS Housekeeping Gene Set; Roche Diagnostics). The crossing point (CP) values for the unknown samples were evaluated with the equation 2 (CP h-ALASϪ CP target gene) [28] .
RESULTS
Gene expression profiling of human iDCs after coculturing with A. fumigatus germ tubes. On average, unstimulated iDCs showed expression of approximately 13,500 genes (35% of all genes spotted on the HG-U133 Plus 2.0 array). After 6 h of cocultivation with A. fumigatus germ tubes, 590 genes showed an expression altered at least 4 times. Among these, a wide range of genes involved in immune responses, such as genes coding for Th1 cytokines (IL1A, IL1B, IL12B [IL12p40] , and TNFA), Th2 cytokines (IL6 and IL10), chemokines (CCL5, CCL20, and CXCL10) and immune receptors (PTX3, CXCR4, CCRL2, and IL2RA) were differently regulated. Expression of the known fungal receptors TLR2 and TLR4 was found to be 4.9-fold upregulated and 4.2-fold downregulated, respectively (table 2) .
In addition, DC-specific genes that are involved in Th1/Th2 differentiation were differently regulated, including costimulatory molecules (CD40, CD80, CD83, and CD86), cytokines (IL8, IFNGR1, and IL4R), and genes related to T cell activation (CTLA4). Furthermore, differential regulation of the genes of the IL-2 signaling pathway (SYK, and IL2RA) was observed.
Additionally, genes involved in cytoskeleton organization (KRT17 and GNA13), phagocytosis-endocytosis functions (RAB20, MARCKSL1, CORO1A, and EHD1), prostaglandinrelated genes (PTGS2), cell adhesion molecules (ICAM-1), and matrix-metalloproteinases (MMP1 and MMP10) were found to be differently regulated. The complete data set can be accessed at the Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/ geo/), accession number GSE6965.
Time-dependent stimulation of iDCs with A. fumigatus germ tubes. The recruitment and activation of antigenspecific T cells requires the release of a broad range of cytokines, mainly by iDCs. The analysis of the cytokine expression pattern (CCL20, CXCL10, IL6, IL8, IL10, IL12B (IL12p40), and TNFA) in a time-dependent manner (1-6 h of stimulation) confirmed array data and showed steep upward trends during the time iDCs were exposed to A. fumigatus germ tubes ( figure 1A) .
Expression analysis of known receptors confirmed that TLR4 was reduced after 6 h of coincubation with A. fumigatus, whereas TLR2 expression increased. Additionally, when iDCs were cocultured with A. fumigatus, we found that PTX3 expression was elevated 20-fold after 3 h and 7-fold after 6 h (figure 1B).
Gene expression profiling raised the question of which receptors might be involved in fungal recognition for triggering of the proinflammatory cytokine response. Thus, we tested 2 different approaches to analyze fungal receptors and the subsequent signaling pathways induced by A. fumigatus germ tubes. A protocol for siRNA transfection of iDCs was established to knock down gene expression of immune receptors and adaptor proteins, and defined monoclonal antibodies were used to block signal transduction.
Transfection efficiency of iDCs and intracellular distribution of siRNA. Cy3-labeled siRNA was delivered to iDCs by electroporation. Twenty-four hours after transfection, at least 85% of the cells harbored Cy3 fluorescence, as demonstrated by fluorescence-activated cell sorting. In addition, fluorescence microscopy revealed that fluorescence was localized in the cytoplasm (data not shown).
Silencing of immune receptor and adaptor protein expression. After successful transfection of iDCs, the expres- (table 3) . No cross-reactivity of TLR2 siRNA on TLR4 expression or TLR4 siRNA on TLR2 expression was observed. RNAi transfection of iDCs did not lead to an unspecific cytokine response, as indicated by unaltered expression of TNFA, IL12, CCL20, and IL10 after siRNA treatment. Control experiments involving LPS stimulation after transfection of iDCs with TLR4 siRNA revealed that the expression of TNFA and IL12 was decreased by 40% Ϯ 20% and 88% Ϯ 9%, respectively. Reduced cytokine secretion could be also observed in medium supernatants (data not shown).
Downstream effects after siRNA treatment and infection of iDCs with A. fumigatus. To identify receptors on human iDCs that were involved in the recognition of A. fumigatus, cells were cocultivated with germinated A. fumigatus spores after silencing of TLR2, TLR4, MyD88, DC-SIGN, PTX3, dectin-1, and CARD9. As expected, A. fumigatus induced a strong expression of proinflammatory cytokines. However, expression of TNFA and IL12 was not alleviated in iDCs that expressed lower levels of TLR2, TLR4, MyD88, DC-SIGN, PTX3, and CARD9 in comparison to nonsilencing siRNA transfected cells (data not shown).
However, when dectin-1 was silenced after cocultivation experiments, there was diminished expression of TNFA (50% Ϯ 15%; P ϭ .02) and IL12 (44% Ϯ 9%; P Ͻ .01) (figure 2). Additionally, stimulation with zymosan after dectin-1 was silenced resulted in reduced expression of TNFA (55% Ϯ 16%) and IL12 (81% Ϯ 14%), whereas LPS treatment did not result in such a reduction (data not shown).
To investigate the specificity of Dectin-1 on human iDCs, cells were cocultured with germinated C. albicans spores (strain SC5314) after transfection with Dectin-1 siRNA (MOI ϭ 1). Similar to A. fumigatus, expression of the proinflammatory cytokines TNFA (70% Ϯ 18%; P ϭ .05) and IL12 (65% Ϯ 24%; P Ͻ .01) was significantly decreased.
Antibody blocking experiments. Antibodies directed against TLR2, TLR4, and Dectin-1 were used to block signal NOTE. Dendritic cells (DCs) that had not been transfected with siRNA, as well as DCs transfected with 133 nmol/L target siRNA or nonsilencing siRNA, were exposed to Aspergillus fumigatus germ tubes. After twenty-four hours, total RNA was isolated and reverse transcribed, complementary DNA was analyzed by quantitative real time polymerase chain reaction. Expression levels were normalized against h-ALAS and compared to cells that were transfected without using siRNA. Nonsilencing siRNA did not significantly alter expression of the analyzed genes (data not shown). Each siRNA was tested at least 4 times, revealing the indicated range of knock down. transduction in human iDCs. LPS-induced, zymosan-induced, and A. fumigatus-induced cytokine secretion was not reduced if anti-TLR2 and anti-TLR4 antibodies were used. Flow cytometry analysis revealed that TLR2 and TLR4 were not expressed or were only weakly expressed on iDCs (unlike monocytes; data not shown).
However, we found that the release of IL-12 and TNF-␣ by iDCs could be blocked by anti-Dectin-1 antibodies after stimulation with zymosan (a reduction of 63% Ϯ 12% for IL-12 and 45% Ϯ 18% for TNF-␣) (figure 3). In accordance with RNAi experiments, when iDCs were preincubated with anti-Dectin-1 antibodies prior to cocultivation with A. fumigatus germ tubes, there was also a reduction in the secretion of IL-12 (80% Ϯ 3%; P Ͻ .01) and TNF-␣ (31% Ϯ 12%; P Ͻ .01) . Control stimulation of anti-Dectin-1 antibody-treated cells with LPS did not result in reduced cytokine secretion. In parallel, after treatment with the anti-Dectin-1 antibody there was a decrease in C. albicans-induced release of IL-12 (61% Ϯ 20%; P Ͻ .01) and TNF-␣ (88% Ϯ 12%; P Ͻ .01).
DISCUSSION
Human DCs are sentries of the immune system, involved in the initiation of both the innate and the adaptive immune response. After contact with pathogens, human iDCs undergo maturation, which causes an enhanced expression of costimulatory molecules and an improved antigen presentation for efficient stimulation of naive T cells [29] . Analyses by microarrays and flow cytometry [30] identified CD40, CD80, CD83, and CD86 to be upregulated after cocultivation with A. fumigatus germ tubes.
By use of Gene Ontology Tree Machine (http://bioinfo-.vanderbilt.edu/gotm/) for classification of array data, differently regulated genes were found to be involved in signal transduction, cell-to-cell signaling, myeloid cell differentiation, cell death, and immune response [31] . This demonstrates that close contact with A. fumigatus germ tubes had a substantial effect on human iDCs. Various defense strategies of iDCs were activated, including phagocytosis and cell adhesion mechanisms. Additionally, gene expression of the cytokines involved in proinflammatory (Th1) and anti-inflammatory (Th2) immune response, T cell activation, and differentiation was augmented. This demonstrates the role of iDCs in the orchestration of innate and adaptive immune responses during invasive aspergillosis. Higher expression levels of SYK and IL2RA indicate the possible role in the activation of NK cells.
In principle, cytokine expression patterns, which we demonstrated for human iDCs exposed to A. fumigatus, were similar to those observed in previous work that described the defense mechanisms of monocytes against A. fumigatus [32] . In this study, IL1B, IL8, CXCL2, CCL4, CCL3, and CCL20 were also found to be upregulated after fungal contact.
Among all differentially regulated genes, CCL20 (MIP-3a) showed the strongest upregulation (a 950-fold increase). CCL20 is the single chemokine ligand for the chemokine receptor CCR6, which is mainly expressed by B cells and subsets of T cells and stimulates chemotaxis of PBMCs [33] . Chemotactic effects similar to those of CCL20 have been described for CCL5 [34] . It can be hypothesized that CCL20, CCL5, and other chemokines orchestrate the activation of the adaptive immune system for effective alleviation of A. fumigatus infection [35] . [28] . Expression of untransfected and/or unstimulated cells was set to 1. The results are representative for 4 repetitions.
Our data demonstrated that PTX3 expression was upregulated by A. fumigatus germ tubes. These findings are consistent with reports describing the role of PTX-3 in the phagocytosis of A. fumigatus conidia and in the activation of cellular responses (mediated via binding to the complement factor C1q) [36] . Mice that were deficient in soluble PTX-3 were found to be highly susceptible to pulmonary infections with A. fumigatus, demonstrating the importance of PTX-3 in fungal recognition [9] .
During fungal infection, inflammatory immune responses depend on TLR and non-TLR-mediated pathways [37] . Different studies analyzed the functions of TLR-2 and TLR-4 in various cell types; however, the results are controversial. Previously, our group demonstrated that TLR-2 and TLR-4 are essential for the recognition of A. fumigatus by murine DCs [30] . In contrast, Bellocchio et al. [38] showed that TLR-4, but not TLR-2, participated in host defense against A. fumigatus.
In iDCs from healthy donors, we found that expression of TLR2 increased and TLR4 decreased after cocultivation with A. fumigatus germ tubes. However, this expression pattern is specific for the interaction of iDCs with germ tubes and might be dependent on the immune status of the host, the cell type, and the fungal morphotype [39] .
To further dissect the role of signaling pathways activated by germinated A. fumigatus spores, an RNAi system was established. In accordance with Prechtel et al. [40] , electroporation of iDCs was found to be an efficient method for manipulation of DCs without inducing side effects. Despite strong knock downs, expression of IL12 and TNFA was not altered after TLR-2, TLR-4 and MyD88 transfection and subsequent stimulation with A. fumigatus. In contrast to monocytes, there was no TLR-2 detectable on iDCs, and only low levels of TLR-4 were detectable. However, monocytes and iDCs are highly sensitive to low amounts of LPS and peptidoglycan, an observation that was ascribed to strong signal amplification in iDCs [41] .
In this study, the activation of human iDCs by A. fumigatus and C. albicans germ tubes occurs via the Dectin-1 receptor, as expression of IL12 and TNFA was significantly diminished after dectin-1 was silenced. In contrast with previous studies that investigated the role of TLR-2 and TLR-4 in monocytes, the cytokine release (IL-12 and TNF-␣) of iDCs was not altered if commercially available anti-TLR-2 and/or anti-TLR-4 antibodies were used in blocking studies. However, anti-Dectin-1 antibody treatment of iDCs significantly inhibited secretion of proinflammatory cytokines after contact with A. fumigatus, C. albicans, or zymosan. These findings are consistent with observations in mice that Dectin-1 mediated secretion of IL-6, TNF-␣, and MIP-2 could be blocked by mouse anti-Dectin-1 antibody [42, 43] .
After the binding of ␤-1,3 glucan to Dectin-1, the signal is transduced by at least 2 distinct signaling cascades (SYKdependent and SYK-independent) [44, 45] . DC contact with A. fumigatus germ tubes revealed downregulation of CARD9, a novel adaptor molecule for Dectin-1 signal transduction [22] . However, additional adaptor molecules with a function similar to CARD-9 might exist. This could be an explanation for the unaltered expression of TNFA and IL12 after CARD9 siRNA silencing, in contrast with the results of dectin-1 siRNA silencing.
In conclusion, the role of TLR-2 and TLR-4 in the recognition of fungi is still controversial and dependent on different host and fungal factors. Our data demonstrate the role of Dectin-1 in the induction of a proinflammatory cytokine response in iDCs. Thus, we conclude that Dectin-1 supports the role of iDCs in bridging innate and adaptive immune mechanisms during fungal infections. The identification of new pathways that enhance innate and adaptive immune mechanisms may provide new directions for antifungal therapies.
